Retinoic acid, thyroid hormone, and vitamin D receptors preferentially activate target genes through response elements that consist of direct repeat arrangements of a core recognition motif of consensus sequence AGGTCA. We present evidence that the preference for direct repeat elements arises from two fundamental differences from steroid hormone receptors. First, retinoic acid, thyroid hormone, and vitamin D receptors are demonstrated to preferentially form heterodimers with the retinoid X receptors. These interactions are mediated by the carboxy-terminal dimerization interface, with heterodimer preference specified by actions of the DNA-binding domain. Second, the DNA-binding domains of heterodimeric receptors appear to be rotationally flexible with respect to the carboxy-terminal dimerization interface. Several independent lines of evidence suggest that, relative to the retinoid X and steroid hormone receptors, the DNA-binding domain of the thyroid hormone receptor is preferentially rotated by -180 ~ with respect to its carboxy-terminal dimerization interface. As a result, solution interactions between the carboxy-terminal dimerization interfaces of the retinoid X and thyroid hormone receptors are predicted to lead to the preferential alignment of their respective DNA-binding domains in a direct repeat configuration. This alignment would position the retinoid X receptor over the upstream recognition motif of direct repeat response elements. Differential orientations of the DNA-binding domain, which contribute to the polarity of heterodimer binding, are regulated by a short sequence (the A box) that is located between the conserved DNA-binding and carboxy-terminal dimerization domains.
The thyroid hormone, retinoic acid, and vitamin D receptors [TR, RAR, and VDR, respectively} are members of the nuclear receptor superfamily of ligand-dependent transcription factors that interact with response elements in target genes and thereby control diverse aspects of development and homeostasis (Evans 1988~ Beato 1989~ Glass and Rosenfeld 1991}. A central problem in understanding the actions of these and related nuclear receptors is the elucidation of the molecular mechanisms by which target genes are recognized. Studies of the DNA-binding properties of the TR, RAR, and VDR SCorgesponding author. 6Present address: Department of Biochemistry, Iwate Medical University, School of Dentistry, Iwate 020, Japan. have revealed two fundamental differences from steroid hormone receptors with respect to the mechanisms by which they interact with DNA. First, in contrast to the estrogen and glucocorticoid receptors, which appear to bind to DNA exclusively as homodimers, the TRs or RARs preferentially interact with their cognate response elements as components of heterodimeric complexes containing retinoid X receptors (RXRs} [Yu et al. 19911 Kliewer et al. 1992~ Leid et al. 19921 Marks et al. 1992~ Zhang et al. 1992 and perhaps other nuclear proteins [Murray and Towle 19891 Burnside et al. 1990~ Glass et al. 19901 Liao et al. 1990 ). Second, whereas steroid hormone receptors preferentially bind to response elements consisting of a palindromic arrangement of a conserved recognition motif, heterodimers of the TR or RAR complexed with the RXR bind with high affinity and activate transcription from response elements consisting of direct repeat, palindromic, and inverted palindromic arrangements of a core recognition motif of the consensus sequence AGGTCA Umesono et al. 1988 Umesono et al. , 1991 Baniahmad et al. 1990; Carlberg et al. 1993; Tini et al. 1993) .
Recognition of specific base pairs within the corebinding motif is mediated by the highly conserved DNAbinding domain that defines the nuclear receptor superfamily. This domain contains two interdependent zinc finger structures that form major groove contacts with base pairs that define the core recognition motif (Luisi et al. 1991 and references therein) . Studies of the DNAbinding domains of the RXR and the orphan receptor NGFIb have indicated that amino acids immediately carboxy-terminal to the zinc finger structures also participate in DNA recognition (Wilson et al. 1992) . A cluster of amino acids, termed the T box, was identified adjacent to the RXR zinc finger structures, which was predicted to be involved in defining part of the dimerization interface between RXR homodimers bound to an RXR-specific response element. An adjacent cluster of amino acids, termed the A box, was identified in NGFIb, which was necessary for recognition of specific base pairs at the 5' end of the core recognition motif. Although the region corresponding to the A and T boxes is not conserved between different subclasses of nuclear receptors (e.g., RXR vs. RAR vs. TR), it is highly conserved within a subclass (e.g., RXRe~ vs. RXR [3 vs. RXR~t) . In addition to the DNA-binding domain, high-affinity binding of nuclear receptor dimers or heterodimers is dependent on a carboxy-terminal dimerization function present within the ligand-binding domains of each receptor (Tsai et al. 1988; Glass et al. 1989; Fawell et al. 1990; Yu et al. 1991; Leid et al. 1992) .
The relative orientation and spacing of the core recognition motifs play essential roles in the specificity of DNA-binding and transcriptional activation. A palindromic arrangement (AGGTCA-TGACCT, TRE-pal), functions as a common response element for TR , RAR (Umesono et al. 1988) , and RXR (Mangelsdorf et al. 1990) . In contrast, when arranged as direct repeats, the presence of 3, 4, or 2 and 5 bp between the core motifs dictates preferential binding and transcriptional activation responses by VDRs, TRs, and RARs, respectively (N/i/ir et al. 1991; Rottman et al. 1991; Umesono et al. 1991; Durand et al. 1992) .
In this paper we have utilized a binding site selection strategy to demonstrate that heterodimers between the RXR and RAR, TR or VDR preferentially select direct repeat arrangements of the core-binding motif. We propose that direct repeat-binding sites are preferentially recognized by heterodimers because, as compared with the RXR, the DNA-binding domains of the TR, VDR, and RAR are rotated by -180 ~ with respect to the carboxy-terminal dimerization interface. Solution interactions between the carboxy-terminal interfaces of the RXR and its heterodimeric partners therefore result in the alignment of their respective DNA-binding domains in a direct repeat configuration.
Results

RXR heterodimers containing RAR, TR, or VDR preferentially select direct repeat elements
To characterize the preferred core recognition motif sequences and orientations for different RXR heterodimers, high-affinity-binding sites were selected from synthetic oligonucleotides containing randomized sequences, as initially described by Blackwell and Weintraub (1990) . The general strategy used was to randomize one recognition motif while providing a consensus AG-GTCA motif at either the upstream or downstream location. The results of experiments utilizing an oligonucleotide probe containing the AGGTCA half-site at the upstream position followed by 11 degenerate base pairs are illustrated in Figure 1 . Because of the extensive degeneracy of this probe, both palindromic and direct repeat organizations of the second half-site could potentially be selected at spacing intervals from 0 to 5 bp.
RXR/TR heterodimers strongly selected a direct repeat of the sequence (A/G)GGTCA at a spacing of 4 bp from the fixed half-site (Fig. 1A, B) . In addition to the selection of the 6 bp corresponding to core recognition motif, partial selection also occurred in the spacer region between half-sites. In particular, strong selection against A and T was observed at randomized positions 3 and 4, respectively. Heterodimers of the RXR and VDR strongly selected the sequence AG_TFCA as a direct repeat spaced 3 bp from the upstream half-site. In contrast to the results obtained for RXR/TR and RXR/VDR heterodimers, an unambiguous sequence could not be obtained for RXR/RAR heterodimers, even after four rounds of selection and amplification (Fig. 1A) . The selected and amplified pool of oligonucleotides exhibited markedly increased affinities for RXR/RAR heterodimers, however, indicating that a high degree of sequence selection had taken place (data not shown). To address whether highly selected variations of the core-binding motif were obtained, but at more than one spacing and/or orientation with respect to the first half-site, the PCR products obtained after one round of selection were subcloned and 16 individual clones were sequenced (Fig. 1C) . Nearly all of the clones contained a selected motif that was related to the consensus AGGTCA recognition sequence. However, several different organizations of this motif were observed. The most frequent organization represented a direct repeat spaced 5 bp from the first half-site (8/16). However, a direct repeat spaced by 2 bp was also observed at relatively high frequency (4/16). In addition, two sequences represented palindromic arrangements of the core motif: One sequence represented a direct repeat spaced by 1 bp, and one sequence was ambiguous. A direct comparison of the ability of RXR/RAR heterodimers to bind to recognition sequences consisting of AGGTCA spaced by 2 or 5 bp revealed similar binding affinities (data not shown).
These results indicated that RXR heterodimers preferentially selected direct repeat organizations of core recognition motifs. The precise sequence of the selected motif at the downstream binding site varied depending Figure 1 . Selection of high-affinity-binding sites for RXR/RAR, RXR/TR, and RXR/VDR heterodimers. {A) Selection of high-affinity sequences for RXR/VDR, RXR/TR, and RXR/RAR heterodimers at the downstream half-site. A double-stranded oligonucleotide containing a consensus AGGTCA recognition motif followed by 11 randomized base pairs was end-labeled with [a2P]ATP and incubated with RXR/RAR or RXR/TR heterodimers. Protein-DNA complexes were separated from free DNA by electrophoresis on nondenaturing polyacrylamide gels. Selected oligonucleotides were amplified using PCR, and the resulting amplified products were utilized for additional rounds of selection and amplification. The resulting pools of amplified oligonucleotides were sequenced directly using an antisense primer. The sequences illustrated for RXR/RAR were obtained after a total of four rounds of selection and amplification. The sequences for RXR/TR and RXR/VDR were obtained after two rounds of selection and amplification. (B) The sequence of unselected SAAB 12 and summarizes the sequences obtained for RXR/TR and RXR/VDR heterodimers at the downstream half-site. The randomized and selected sequences are boxed. (C) Sequences of individual binding sites selected by RXR/RAR heterodimers. Selected oligonucleotides obtained after one round of selection and amplification by RXR/RAR heterodimers were subcloned, and 16 independent isolates were selected for sequence analysis. These sequences are arranged according to the half-site spacing and orientation of a putative core-binding motif.
on the identity of the heterodimeric partner of RXRs. The sequence between the core recognition motifs also appeared to contribute to the specificity of binding of different heterodimers. Furthermore, the spacings between half-sites for each heterodimeric pair were consistent with the spacings between core recognition motifs that have been demonstrated previously to confer preferential regulation by retinoic acid, thyroid hormone, and vitamin D (Nii/ir et al. 1991; Rottman et al. 1991; Umesono et al. 1991; Durand et al. 1992 and references therein).
To further define protein-DNA interactions between RXR heterodimers and direct repeat elements, methylation interference experiments were performed. Methylation interference patterns observed for RXR/TR heterodimers on a direct repeat element spaced by 4 bp are illustrated in Figure 2A . N7 (major groove) methylation of guanidine residues within the downstream core recognition motif interfered with heterodimer binding to a greater extent than guanidine methylation within the upstream recognition motif. N3 (minor groove) methylation of adenosine residues within the spacer region between half-sites was also noted to interfere with RXR/ TR binding. The most significant degrees of interference were noted on the sense strand immediately 5' of the core recognition motif. To examine minor groove contacts further, copper phenanthroline footprinting experiments were performed. These experiments demonstrated reduced cleavage immediately 5' of each core recognition motif, consistent with minor groove interaction in these regions for both the RXR and TR (data not shown). Methylation interference analysis of RXR/RAR complexes bound to the [SRARE indicated a similar pattern of major and minor groove p r o t e i n -D N A interactions (Fig. 2B) . These experiments also demonstrated that minor groove methylation at the 5' end of the upstream half-site interfered with RXR/RAR binding. In concert, these results suggest that minor groove contacts upstream of each of the two core recognition elements play an important role in D N A binding by RXR/RAR and RXR/TR heterodimers.
Polarity and orientation of DNA-binding domains
To determine whether specific receptors preferentially bound to the upstream or downstream half-site, a strat- egy was employed using radiolabeled oligonucleotides in which BrdU residues were introduced in or adjacent to one of the two half-sites. Protein-DNA complexes were separated from free DNA on nondenaturing polyacrylamide gels, irradiated with UV light, and analyzed for cross-linked products by SDS--polyacrylamide gel electrophoresis. Because the RXR, RAR, TR, and VDR are all of similar size, elongated versions of the RXR and RAR were constructed (termed RXR-Gt and RAR-Gt, respectively) to permit discrimination from their heteromeric partners on the basis of molecular mass. This was accomplished by fusing 200 amino acids containing the glucocorticoid receptor tau 1 domain to the amino terminus of the RAR or RXR, as described previously (Glass et al. 1989 ). This addition of amino-terminal sequence did not alter the DNA-binding properties of either receptor (data not shown).
An experiment examining the cross-linking of RXR/ RAR-Gt heterodimers to BrdU-substituted retinoic acid response elements (RAREs) is illustrated in Figure 3A .
Cross-linking of RAR-Gt was not BrdU-dependent and was therefore observed for both derivatized and underivatized RAREs. In contrast, cross-linking of RXR was only observed for substituted oligonucleotides containing BrdU in or near the first half-site. Cross-linking of RXR was not observed by oligonucleotides containing BrdU in or near the downstream half-site or by an underivatized RARE. Similar results were obtained for ential cross-linking of the RXR to the upstream half-site of a direct repeat of AGGTCA spaced by 5 bp. Double-stranded, synthetic oligonucleotides were prepared containing BrdU in place of thymidine at selected positions in either the upstream {RBr-1, RBr-2) or downstream (RBr-3, RBr-4) half-sites. These oligonucleotides were selectively labeled in the antisense strand and incubated with RXR/RAR-Gt heterodimers. Protein-DNA complexes were separated from unbound DNA by electrophoresis on nondenaturing polyacrylamide gels, irradiated with low wavelength UV light (312 nm) to affect protein-DNA cross-linking, and analyzed by electrophoresis on SDS--polyacrylamide gels. RAR-Gt is an elongated derivative of the RAR and was used in place of the wild-type RAR to permit the distinction of cross-linked products based on molecular mass. Lanes 1 and 2 illustrate the migration of in vitro-translated asslabeled RXR and aSS-labeled RAR-Gt, respectively. (B) Orientation of the T a receptor DBD over the downstream half-site of a DR + 4 binding element. TR-P-GR is an altered specificity mutant of the TR in which the P-box residues of the TR were replaced with P-box residues of the glucocorticoid receptor. Wild-type and mutant TRs were incubated with SAAB 12 oligonucleotides in the presence of RXR, and selected oligonucleotides were isolated and amplified. The sequences obtained after two rounds of selection and amplification are illustrated. The arrow marks the base pair differences in sequences selected by the wild-type and mutant T3 receptors.
between the valine side chain and the methyl group of the T residue corresponding to the A / T base pair at position 4 of the AGAACA core recognition motif (Luisi et al. 1991) . If the DNA-binding domain of the TR was aligned in a direct repeat configuration over the downstream half-site, the altered specificity mutant of the TR should select an A rather than a T at the fourth position of the core recognition motif.
The altered specificity mutant of the T3 receptor (TR-P-GR) was capable of forming a heterodimeric complex with the RXR on the double-stranded oligonucleotide containing an A G G T C A half-site followed by 11 degenerate base pairs. Following two rounds of selection and amplification, the sequence AG(G/A)ACA was strongly selected as a direct repeat spaced 4 bp from the upstream half-site (Fig. 3B ). This selected sequence is indistinguishable from the consensus GRE core recognition motif and provides independent evidence that the DNAbinding domain of the TR is oriented as a direct repeat over the downstream half-site.
Dimerization properties of the RAR, TR, and RXR independent of DNA
The previous results indicated that RXR heterodimers containing the RAR, TR, and VDR preferentially recognize direct repeat elements but did not provide insights into mechanisms by which binding was facilitated by the formation of heterodimers. One possible explanation for these observations was that heterodimers formed preferentially over homodimers. To address this possibility, a quantitative analysis of the dimerization properties of the RXR, RAR, and TR was performed (Fig. 4A) . GST-RAR, GST-RXR, or GST-TR fusion proteins were adsorbed to microtiter wells and incubated with radiolabeled RAR, RXR, or TR produced by translation in vitro, and the quantities of specifically bound receptors were determined. In vitro-translated TR and RAR formed heterodimers with GST-RXR more readily than they formed homodimeric interactions (Fig. 4A) . Conversely, the in vitro-translated RXR formed heterodimers more readily with GST-RAR and GST-TR than with GST-RXR. The relatively low affinities observed for RAR and RXR homodimers appear to result from a restrictive function imposed by their respective DNA-binding domains. The isolated carboxy-terminal ligand-binding/ dimerization domain of the RAR readily interacted with the GST-RAR fusion protein (Fig. 4A ) and could be shown to form a homodimer in solution (Glass et al. 1990 ; data not shown), indicating that the DNA-binding domain serves a role in restricting the actions of the carboxy-terminal dimerization interface. The observation that full-length receptors preferentially formed heterodimers over homodimers is therefore likely to account, at least in part, for the preferential binding of heterodimers to DNA.
Preferential recognition of direct repeat elements by the TR requires heterodimerization with the RXR
Although the preceding experiments demonstrated that the TR preferentially interacted with the RXR, previous studies have demonstrated that the TR can bind as a homodimer to palindromic, direct repeat, and inverted palindromic organizations of the core-binding motif (Baniahmad et al. 1990; Lazar et al. 1991; . On the basis of these observations, we directly compared the ability of TR homodimers and RXR/TR heterodimers to bind to a series of response elements containing core recognition motifs arranged as direct repeats, palindromes, or inverted palindromes (Fig. 4B) . Consistent with the results of the binding site selection assay, RXR/TR heterodimers preferentially bound to oligonucleotides containing direct repeat organizations of the core-binding motif spaced by 4 bp. RXR/TR heterodimers also bound to the palindromic arrangement (TRE-pal), although with a lower affinity than to the direct repeat elements. In contrast, oligonucleotides con-taining inverted palindromic arrangements of the core recognition motif at spacings of 4, 5, or 6 bp were recognized with high affinity by homodimers of the TR (Fig.  4B) . Addition of RXR significantly reduced the binding of TR homodimers to the inverted palindrome sites, indicating that heterodimers formed in solution but had a lower affinity for the inverted palindrome arrangement than TR homodimers.
To confirm that inverted palindromes represented the preferred organizations of core recognition motifs for TR homodimers, binding site selection assays were performed using an oligonucleotide in which the downstream binding site was fixed and the upstream binding site was replaced by 12 randomized base pairs. After two rounds of selection and amplification, TR homodimers preferentially selected inverted palindromes of the core recognition motifs at spacings from 4 to 7 bp from the downstream site (data not shown). These observations indicate that the preferential binding of the TR to direct repeat elements arose as a consequence of heterodimer formation with the RXR.
We then examined whether the preferential binding of the TR to inverted palindromes reflected an intrinsic property of its DNA-binding domain. To perform these experiments, the DNA-binding domain (DBD) of the TR was expressed in Escherichia coli and purified to near homogeneity. As expected, the TR DBD exhibited binding affinities for all organizations of core recognition motifs that were two to three orders of magnitude lower than those observed for the full length receptor, resulting from deletion of the carboxy-terminal dimerization function. Furthermore, the isolated DBD of the TR did not exhibit a preference for the inverted palindrome site, in marked contrast to the full-length TR (Fig. 4C ). Even at micromolar concentrations, the TR DBD was observed to bind with similar affinities as a monomer to both the inverted palindrome and direct repeat-binding sites. Intrigningly, the TR DBD bound to TRE-pal as both a monomer and dimer, suggesting the presence of a symmetric dimerization interface mediating cooperative interactions on this element that was not available on direct repeat or inverted palindromic elements. These resuits indicate that the preferential binding of full-length TR homodimers to inverted palindromes is dependent on the carboxy-terminal dimerization interface and does not appear to result from cooperative interactions between the DBDs.
The differences in the DNA-binding properties of fulllength receptors and the isolated DBD suggested a simple model to account for the preferential binding of RXR/ TR heterodimers to direct repeat elements and TR homodimers to inverted palindromes of the core recognition motif. In this model, the DBD of the TR is predicted to be preferentially rotated -180 ~ with respect to the carboxy-terminal dimerization interface as compared with that of the RXR (see Fig. 8, below) . As a result, the interactions between the carboxy-terminal dimerization interfaces of the TR and RXR would lead to the preferential alignment of their respective DBDs in a direct repeat arrangement and would serve to position RXR over Determinants of nuclear receptor polarity the upstream binding site. In contrast, homodimeric interactions between the carboxy-terminal dimerization interfaces of the TR would lead to preferential alignment of the two DBDs in opposing directions, facilitating binding of homodimers to inverted palindrome organizations of the core recognition motif.
A common dimerization interface is utilized for cooperative binding on palindromic, direct repeat, and inverted palindromic recognition elements
The preceding model predicts that the identical TR carboxy-terminal dimerization interface is used for cooperative solution interactions that dictate binding to DNA elemel~ containing direct repeat or inverted palindromic arrangement of core motifs. This model also raises a question as to whether an equivalent interface is used by the TR to interact cooperatively with the RXR on the palindromic {TRE-pal) DNA element. If so, it would require that the DBD of the TR be capable of rotating and bending with respect to the carboxy-terminal dimerization interface to permit cooperative interactions with the RXR carboxyl terminus. Alternatively, a second, independent dimerization interface could be used to interact with RXR on a site containing a palindromic arrangement of core DNA-binding motifs.
To test whether the same dimerization interface was used on direct repeat and inverted palindromes, the DNA-binding properties of TR mutants containing deletions, amino acid substitutions, or insertions within the carboxy-terminal dimerization/ligand-binding domain were tested for their ability to interact with the RXR on both palindromic and direct repeat elements. The effects of mutations in two regions of the carboxyl terminus of the TR that have been demonstrated previously to play important roles in dimerization are illustrated in Figure  5 . Deletion of a short helical region within the extreme carboxyl terminus of the TR shown previously to be important in mediating interactions between TR/RAR heterodimers (TRA422; Glass et al. 1989 ) abolished its ability to form heterodimers with RXR on the TRE-pal and direct repeat elements, as well as homodimers on the inverted palindromes. Deletion of an internal region that is highly conserved among all members of the nuclear receptor superfamily and has been demonstrated to be critical for heterodimerization (O'Dormell et al. 1991) also abolished binding to all three classes of response elements. Further studies of a large panel of TRs containing various mutations within the carboxyl terminus were also most consistent with a model in which cooperative interactions on direct repeats, palindromes, and inverted palindromes depended on a single, large dimerization interface that is conserved across the nuclear receptor superfamily (data not shown) and that is capable of rotation with respect to the DBD.
As an independent strategy to determine whether single or multiple dimerization interfaces were used, oligonucleotides were synthesized containing three copies of the core recognition motif at various spacings and orientations with respect to one another. A receptor occupy-Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from Figure 5 . The TR involves the use of a single dimerization interface to interact cooperatively on palindromic, direct repeat, and inverted palindromic binding sites. The DNA-binding properties of TRs containing mutations in the carboxy-terminal dimerization domain were determined on direct repeat (MHC), palindromic (TRE-pal), and inverted palindromic {Inv-pal+4) binding sites. Binding conditions were identical to those described in Fig. 4B. ing the central core recognition motif would therefore have the potential of simultaneously interacting with receptors bound to each of the flanking motifs if it contained multiple, independent dimerization interfaces. In no case, however, were cooperative interactions observed between three receptors on these binding sites {data not shownl. Although these negative results do not provide conclusive evidence against the existence of multiple dimerization interfaces, they are consistent with the results of mutational studies [Fig. 5; Glass et al. 1989; Fawell et al. 1990} and the competition observed between receptor dimers and heterodimers on inverted palindromes [ Fig. 4B ), indicating that a single or overlapping dimerization surface is used for both homodimer and heterodimer formation, independent of the organization of the DNA recognition motif.
Determinants of DBD orientation
To define amino acid sequences responsible for the differential orientation of the DBD with respect to the carboxy-terminal dimerization interface, a series of aminoand carboxy-terminal RXR-TR chimeras was generated. Analysis of these chimeras revealed that the orientation of the DBD was dependent on the identity of amino acids between the zinc finger and ligand-binding domains [data not shown), which encompass the T and A boxes [Wilson et al. 1992} . This region was therefore examined in further detail in the cases of the RXR and TR. Transfer of 27 amino acids from the "hinge" region of the RXR [amino acids 198-224) into the corresponding region of the TR resulted in a chimeric TR (TR-H-RX) that retained the ability to interact with the RXR on the TREpal element but was unable to form homodimers on an inverted palindrome [ Fig. 6B ). Because the sequences of the core recognition motifs are identical for these two elements, we interpret this change in the relative binding preferences of TR-H-RX to reflect an altered preference in the orientation of the DBD with respect to the carboxy-terminal dimerization interface. Transfer of 9 amino acids containing the A-box region of the RXR [amino acids 213-2201 into the TR resulted in a chimera (TR-A-RXI that exhibited decreased binding affinities for all three orientations of core recognition elements, with complete loss of binding observed for the inverted palindromic element [ Fig. 6B1 .
These observations suggested that the amino acid region corresponding to the A box of the TR was also directly involved in protein-DNA interactions. Consistent with this possibility, nonconservative substitutions of 1 or 2 amino acids within this region dramatically reduced or abolished binding of TR homodimers to direct repeat or inverted palindromic elements [ Fig. 7AJ . The same mutations reduced binding of RXR/TR heterodimers to both direct repeat and TRE-pal elements but to a much lesser extent on the direct repeat elements. The diminished effects of these mutations in the context of RXR/ TR heterodimer binding may reflect their presence in only one member of a heterodimeric pair.
Additional evidence that amino acids within or near the A box are critically involved in determining the preferred orientation of the DBD with respect to the car-Determinants o| nuclear receptor polarity boxy-terminal dimerization interface was provided by the analysis of RXR mutants. Transfer of 9 amino acids containing the A box of the TR into the RXR resulted in a chimeric protein (RX-A-TR) that was capable of interacting more strongly with the TR on inverted palindromes ( Fig. 7B ; data not shown) than the wild-type RXR. Remarkably, introduction of a 2-amino-acid substitution at the carboxy-terminal end of the A box also resulted in a dramatic increase in the ability of the resulting chimera {RX219-220LE) to interact with the TR on inverted palindromic sites (Fig. 7B) . Neither of these mutations reduced the ability of the RXR to interact with the TR on direct repeat or palindromic sites. However, the RXR mutant containing the TR A box (RX-A-TR) could be cross-linked to both the upstream and downstream sites of direct repeat elements (data not shown). The loss of polarity on direct repeat elements observed for this RXR mutant is consistent with its ability to interact cooperatively with the TR on inverted palindromes. We therefore interpret this gain of function as being the result of disruption of a structure that maintains the preferred orientation of the RXR DBD with respect to the carboxy-terminal dimerization interface, allowing greater rotational flexibility.
Discussion
Preferential recognition of direct repeat elements by RXR heterodimers
Previous studies have suggested that the sequence, spacing, and relative orientation of core recognition motifs Figure 7 . Role of the A-box region in determining high-affinity-binding and receptor polarity. A illustrates the DNA-binding properties of TRs containing nonconservative mutations in the A-box region on direct repeat, palindromic, and inverted palindromic binding sites in the presence and absence of the RXR. B illustrates the DNA-binding properties of a RXR chimera containing the A box of the TR and a mutant receptor containing a 2-amino-acid substitution.
Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from together determine the affinity and specificity of interactions between RARs, TRs, and VDRs and their respective response element sequences in target genes Baniahmad et al. 1990; Lazar et al. 1991; Niiiir et al. 1991; Umesono et al. 1991; Forman et al. 1992; Carlberg et al. 1993; Tini et al. 1993 ). The studies presented in this paper indicate that the association of the TR, VDR, and RAR with RXR results in their preferential recognition of direct repeat elements. These DNAbinding properties appear to arise, at least in part, from the differential orientation of DBDs and the dimerization preferences of RXR, PAR, TR, and VDR. A comparison of the strength of dimerization of RXR, TR, and RAR homodimers versus heterodimers indicated that RXR heterodimers form preferentially, even in the absence of DNA. The same properties appear to be exhibited by RXR/VDR heterodimers (Z. Han, unpubl.). Thus, in a fashion analogous to fos and jun (Halazonetis et al. 1988; Rauscher et al. 1988; Kouzarides and Ziff 1989; Schuermann et al. 1989; Tumer and Tjian 1989) , heterodimeric binding reflects the relative dimerization preferences of each receptor.
Analysis of the dimerization properties of the TR are most consistent with a model in which both homo-and heterodimerization are mediated by a single complex interface that is utilized on both palindromic and direct repeat binding sites. These results imply that the DBD is capable of extensive rotation and bending with respect to the carboxy-terminal dimerization interface to allow cooperative interactions to occur on palindromic, direct repeat, and inverted palindromic binding sites. The present studies suggest that certain orientations are strongly preferred for each receptor. We propose that direct repeat elements represent the highest affinity-binding sites for RXR heterodimers because the DBDs of the RAR, TR, and VDR are preferentially rotated by -180 ~ with respect to the carboxy-terminal dimerization interface (Fig. 8A ). These differences in the relative orientations of the DBDs with respect to the carboxy-terminal dimerization interface would lead to preferential alignment of the DBD in a direct repeat configuration, with RXR positioned to occupy the upstream core recognition motif (Fig. 8B) .
Role of the A box in sequence recognition and orientation of the DBD
Our data suggest that the preferred orientations of the DBD are critically dependent on amino acid sequences located carboxy-terminal to the conserved zinc finger structures and overlap with sequences corresponding to the T and A box of RXR and NGFIb, respectively. As originally defined in the context of NGFIb, the A box consisted of amino acids that were required for selection of adenine residues at the 5' end of the core recognition motif and that were necessary for high-affinity-binding of NGFIb monomers (Wilson et al. 1992) . Point mutational analysis of the A-box region in the context of the TR demonstrated that it played a critical role in mediating high-affinity-binding of homodimers. The partial se- lection of sequences observed between half-sites and the minor groove contact analysis of RXR/RAR and RXR/ TR heterodimers bound to direct repeat elements suggest that the basic amino acids within the A box form protein-DNA contacts involving the minor groove and perform an important role in stabilizing DNA binding (Fig. 8B ). This structural arrangement would be analogous to the utilization of minor groove interactions by homeo domain proteins (Kissinger et al. 1990) . Mutations in the region corresponding to the A box of the RXR (amino acids 213-220) have not as yet demonstrated an equivalent role in mediating high-affinity DNA binding. Mutations in this region instead primarily increased the ability of RXR to interact with the TR on inverted palindromes and led to a loss of selective binding to the upstream half-site of direct repeat elements. These observations are consistent with the idea that this region of the RXR serves to orient the DBD with respect to the carboxy-terminal dimerization interface.
Although the studies presented in this paper have focused on the role of the carboxy-terminal dimerization interface in mediating cooperative interactions that serve to discriminate among the relative orientations of core recognition motifs, several lines of evidence indicate that the DBD itself also contributes to the preferential binding of RXR heterodimers to direct repeat elements. First, the DBDs appear to contribute to the specificity of interactions that lead to preferential formation of heterodimers as compared with homodimers. Second, the observation that the spacings between recognition motifs are relatively restricted on direct repeats but not on inverted palindromes suggests the presence of a specific, asymmetric interface between heterodimeric DBDs on direct repeat elements that is distinct from the symmetric interface formed between steroid receptor DBDs. Recent studies of the isolated DBDs of the RXRs and RARs have demonstrated the presence of such an asymmetric interface that mediates cooperative interactions on direct repeat elements (T. Perlman and R. Evans, pers. comm.) . In concert, these observations suggest that dimerization driven by the carboxy-terminal interaction domain facilitates the formation of this asymmetric interface between the DBDs of RXR and its heterodimeric partner. These interactions, which are predicted to occur in solution, lead to the preferential binding of RXR heterodimers to response elements consisting of direct repeats of the core recognition motif.
We note that the differential-binding properties of homo-and heterodimeric receptors for response elements consisting of direct repeat, palindromic, and inverted palindromic arrangements of core recognition motifs are likely to have functional consequences. An inverted palindrome has recently been suggested to function as a response element for VDR receptor homodimers, whereas direct repeat elements are preferentially activated by RXR/VDR heterodimers (Carlberg et al. 1993 ). It will be of interest to determine whether the asymmetry of receptor occupancy on direct repeat elements will also have functional consequences with respect to the abilities of each receptor of a heterodimeric pair to interact with additional components of the transcriptional machinery.
Materials and methods
Expression of wild-type and mutant receptors
The receptor isoforms and amino acid numbering conventions used in these studies correspond to the following published sequences: RXR, human RXR~ (Mangelsdorf et al. 1990 ); RAR, human RARa (Giguere et al. 1987) ; TR, human TR~ (Weinberger et al. 1986 ); and VDR, human VDR (Baker et al. 1988) . Except as noted, all nuclear receptors used in these studies were prepared by in vitro transcription/translation of wild-type and mutant receptor cDNAs as described previously . Parallel translation reactions were performed either with [3SS]methionine or unlabeled methionine, and the quantity of trichloroacetic acid (TCA) precipitable radioactivity from [3SS]methionine-containing translation reactions was used to normalize the amounts of unlabeled receptors used in DNAbinding assays.
Oligonucleotide-primed mutagenesis was performed by the method of Kunkel (1985) , through the use of the helper phage R408 to rescue single-stranded template from pBluescript IIbased plasmids in the E. coli host strain CJ236. XhoI sites were introduced at the end of the T/A region of the TR at codons 188 and 189, at codons 172 and 173 of the RAR, and at codons 219 and 220 of the RXR. Oligonucleotide-primed mutagenesis was also used to transfer the A-and T-box sequences between the RXR and TR and to introduce nonconservative changes in the A box of the TR. The DBD of the TR from codons 99 to 226 was expressed as a glutathione S-transferase (GST) fusion protein in E. coli. The fusion protein was purified to near homogeneity by affinity chromatography on a glutathione affinity matrix, and the TR DBD was cleaved from GST while attached to the affinity matrix using thrombin.
DNA-binding assays
Electrophoretic mobility-shift assays were performed utilizing each receptor at a concentration of -1 riM, as described previously . The bacterially produced TR DBD was used in DNA-binding assays at a concentration of -1 ~M. The sequences of the sense strands of oligonucleotides used in electrophoretic mobility shift assays were as follows: ~RARE, AAGGGGATCCGGGTAGG GTT CACCGAAAGTTCACTCG-AGATCTTCCT; DR2, AAGGGGATCCCTTGATCAGGTCA-TCAGGTCACAGATCTTCCT; DR4, AAGGGGATCCGGG-TAAGGTCAAATAAGGTCACGAAGATCTGTT; DR4(MHC), AACAGATCTCCTTGGCTCTGGAGGTGACAGGAG CACA-GCGGATCCCTT; DR5, AAGGGGATCCGGGTAAGGTCA-CAATAAGGTCACGAAGATCTGTT; TRE-pal, AAGGGGA-TCCGGTAAGATCAGGTCATGACCTGAGGAGATCTFCCT; INV-pal + 4, AAGGGGATCCCTTTGATCTGACCTGATCA-GGTCACAGATCTTCCT; INV-pal + 5, AAGGGGATCCCT-TTGATCTGACCTGACTCAGGTCACAGATCTTCCT; INVpal + 6, AAGGGGATCCCTTTGATCTGACCTGACGTCAG-GTCACAGATCTTCCT; and PAL-INV, CTTTGATCAGGT-CATGACCTGATCAGGTCACAGATCT.
Selection and amplification of high-affinity-binding sites for RXR heterodimers containing the RAR, TR, or VDR were performed essentially as described by Blackwell et al. (1990) . SAAB 12 consisted of the sequence GATGAATTCCTAAGGTCAN-NNNNNNNNNNCTCGAGCTCAGATCTCGT, and PCR amplifications involved the use of primers P6 CGATGAAT-TCCTAAG and P2, TACGAGATCTGAGCTC. SAAB 10 consisted of the sequence CGATGAATTCCTAAGGGTCAC-CAGNNNNNNCTCGAGCTCAGATCTCGT, and PCR amplifications were performed using primers P6 and P2. Methylation interference assays were performed as described by Glass et al. (1988) .
Cross-linking experiments were performed with synthetic double-stranded oligonucleotides containing single BrdU residues that were incorporated during oligonucleotide synthesis. BrdU cyanoethyl phosphoramidite was obtained from Pharmacia. The terminal trityl groups were maintained following synthesis, and the resulting oligonucleotides were purified using Nen-Sorb columns (New England Nuclear). All manipulations of BrdU-containing oligonucleotides were performed in a darkened room. The sequence of the control sense oligonucleotide used for cross-linking analysis of RXR/RAR heterodimers was CGGGTAAGGTCACCGAAAGGTCACACGAA. The positions of BrdU residues for RBr-1, RBr-2, RBr-3, and RBr-4 are illustrated in Figure 3 .
For cross-linking experiments, the strand containing the BrdU residue was kinased with [32p]ATP and annealed to its complement, and the resulting double-stranded oligonucle-otides were purified by nondenaturing polyacrylamide gel electrophoresis. Preparative scale electrophoretic mobility-shift assays were performed using BrdU-substituted or control oligonucleotides to separate protein-DNA complexes containing RXR heterodimers from free probe and background bands. UV crosslinking of the entire gel was performed using a Fisher transilluminator (model FBTW-614, k = 312 riM) at maximum intensity for 1 min. The positions of bands corresponding to protein-DNA complexes containing RXR heterodimers were determined by autoradiography. These regions of the gel were carefully excised and heated at 55~ for 1 hr in 100 ~1 of SDS sample buffer. Samples were then heated at 100~ for and additional 3 min and inserted into the stacking gel of a SDSpolyacrylamide gel. After electrophoresis, cross-linked products were visualized by autoradiography. Exposure times ranged from 3 to 5 days.
Quantitative analysis of protein-protein interactions
To quantitate the strength of interactions between different nuclear receptors independent of DNA-binding, a quantitative microtiter dimerization assay was developed. In this assay, a primary nuclear receptor was adsorbed to the surface of a microtiter well and served as a target for a secondary radiolabeled receptor. The primary target receptors were produced by expression in E. coli as GST fusion proteins. These proteins were then purified to near homogeneity by affinity chromatography on a glutathione matrix. Purified target proteins were diluted to 20 ~g/ml in phosphate buffered saline (PBS) and adsorbed to a Dynatech 96-well microtiter plate for 2-12 hr at 4~ Plates were then washed four times to remove unbound target receptor and residual nonspecific-binding sites were blocked by incubation with 5% serum in PBS for 2 hr at 4~ Plates were then washed three additional times in PBS. Radiolabeled receptors produced by translation in vitro as described above were quantitated by precipitation with TCA, and the specified amounts were incubated with the target receptors in a volume of 50 ~1 for 1 hr at 4~ Binding buffer consisted of 20 mM HEPES (pH 7.8), 50 mM KC1, 20% glycerol, 0.1% NP-40 and 1 mM [3-mercaptoethanol. Following the binding reaction, unbound receptor was rapidly removed from bound receptor by washing four times in binding buffer at 4~ Counts that remained bound to the plate were then released by incubation with buffer H containing 0.1% SDS and 0.4 M HC1 and radioassayed.
